Abstract -In order to provide adequate guidelines in freshwater management, managers need reliable bioindicators that can respond differently to varied stressors. Managers also have to consider hierarchical structure of environmental factors. Thus, our research aims to test the independence of taxa responses along environmental gradients and to examine in what order natural and anthropogenic factors constrain the structure of littoral benthic assemblages. The rank of explained variance of littoral benthic assemblage's variable group hierarchy was: land use > landscape characteristics > eutrophication > fish stocking > hydromorphological alteration. We determined nine gradients (two natural and seven stressor gradients), separated into five groups based on statistically significant differences in responsiveness of taxa. Apart from responsiveness to natural factors, littoral benthic invertebrates could be used as bioindicators for stressors reflecting urbanization, eutrophication, hydromorphological alteration and fish stocking. The taxonomical composition of littoral benthic invertebrates, especially when taxa with preference for certain relatively narrow environmental conditions along gradients are present, can be used to identify effects of key stressors. Our findings have profound implications for ecological assessment and management of lakes, as they indicate that benthic invertebrates can be used when the effects of multiple stressors need to be disentangled.
Introduction
Freshwater ecosystems are subject to accelerated rates of transformations and are some of the most endangered types of ecosystems in the world (Monroe et al., 2009) . In order to address this problem international laws, such as the European Water Framework Directive (WFD) (European Union, 2000) , attempt to regulate and protect water bodies through the assessment and management of human-caused stressors (e.g., land use, release of chemical toxins, nutrient loading) in freshwater ecosystems (Allan, 2004; Schinegger et al., 2012; Verdonschot et al., 2013) . Since multiple human activities contribute to environmental degradation (Crain et al., 2008; Bozelli et al., 2009) , we need to understand the relative influences of these different activities in order to optimize freshwater management. Accordingly, management of freshwaters has been approved through development of bioassessment programs using different biotic indicators (Borisko et al., 2007; Johnson and Hering, 2009) .
Factors operating across a wide range of spatial and temporal scales can impact the structure and function of vulnerable aquatic assemblages (Johnson et al., 2006; Sandin and Solimini, 2009; Li et al., 2010) . Therefore, a common approach for freshwater ecosystem assessment uses aquatic assemblages grouped according to their perceived tolerance to different environmental factors (Yuan, 2004; Mazzoni et al., 2014) . This generally involves determining taxon tolerance (sensitivity) values (scores) and calculating ratios of disturbance sensitive taxa to insensitive taxa (Solimini et al., 2006; Donohue et al., 2009a; Urbanič, 2014a) . If measured environmental variables reflect different anthropogenic disturbance gradients, then species scores can help to identify the effects of different types of anthropogenic stressors (EPA, 2006) .
Benthic invertebrates are commonly used in bioassessment when considering the wide range of natural habitat preferences, high biodiversity and high sensitivity to diverse environmental factors (Sandin and Johnson, 2000; Jyväsjärvi et al., 2011; 2012; Miler et al., 2014) . Associations have been demonstrated between benthic invertebrates and variables such as submerged plant abundance (Hanson et al., 2012) , substratum (Donohue and Irvine, 2003) , total phosphorus, chlorophyll a (O' Toole et al., 2008) , dissolved oxygen concentration (Williams, 1996) , water level variability (Zohary and Ostrovsky, 2011) and availability of food resources and interspecific interactions among benthic invertebrates, such as competition and predation (Walker, 1998) . Benthic invertebrates integrate the effects of various stressors, including hydromorphological changes, due to their long life cycles and low mobility, and as such may have a substantial practical advantage over other aquatic assemblages as indicator organisms (Friberg, 2014) .
Whereas consolidated ecological studies based on benthic invertebrates exist for rivers (e.g., Longing et al., 2010; Pavlin et al., 2011; Petkovska and Urbanič, 2015) , fewer similar studies exist for assessment of the ecological quality of lakes (e.g., Nõges, 2009; Jyväsjärvi et al., 2011) , and even fewer studies have examined littoral benthic invertebrates (e.g., Solimini et al., 2006; Pilotto et al., 2015) . Settlement on lake shores and numerous activities makes the littoral a highly threatened zone in lakes (Vadeboncoeur et al., 2001; Jenkins, 2003; Peterlin and Urbanič, 2013) . Anthropogenic disturbances, such as eutrophication (White and Irvine, 2003; Donohue et al., 2009b; Bazzanti et al., 2012) , fish stocking (Pierce and Hinrichs, 1997; Leppä et al., 2003) , hydromorphological alterations (Gabel et al., 2012; Jurca et al., 2012; Peterlin and Urbanič, 2013; McGoff et al., 2013; Urbanič, 2014b) and land use (McGoff and Sandin, 2012) , may have profound effects more on the littoral zone than the profundal, and thus warrant closer considerations in lake assessments.
To fully understand the extent to which anthropogenic disturbances affect littoral benthic assemblages, it is important to understand their relationships to the environmental factors that provide the basic ecological template structuring the assemblages. Studies on species-environment relationships can also help tease apart the anthropogenically derived disturbances from the influence of natural landscape features. Identifying the relative importance of different environmental factors on littoral benthic assemblages can help prioritize management and restoration actions. We hypothesized that littoral benthic invertebrates are sensitive enough to serve as bioindicators of changes in environmental conditions. To test this hypothesis we aim to:
-examine in what order do natural and anthropogenic factors of different spatial scales constrain the distribution of littoral benthic invertebrates in lakes, -determine group-specific environmental gradients: landscape characteristics, land use, eutrophication, fish stocking and hydromorphological alteration, and investigate the differences among responses of benthic invertebrates along environmental gradients in order to identify stressors whose effects can be disentangled using benthic invertebrates, and -evaluate bioindication potential of littoral benthic invertebrate taxa to recognized environmental gradients through their preference for certain relatively narrow environmental conditions (i.e., sensitivity).
Materials and methods

Study area and sampling
We included all lakes that are part of the assessment system development program for the implementation of the WFD in Slovenia (European Union, 2000) . Two lakes are natural in origin and eleven are constructed lakes, which provide various ecosystem services, such as sports fishing, flood protection or irrigation. The investigated lakes are located from lowlands to the mountain foothills, and they differ considerably in their characteristics (Fig. 1, Tab. 1) . Altogether, we collected data from 13 lakes (comprising 114 sites) between 2006 and 2012. Benthic invertebrate data and physico-chemical parameters were collected in the same years. However, benthic invertebrates were collected in the summer months (July-August), whereas water for physico-chemical analyses was collected four times a year in a vegetation season (March-October/November). All data were obtained as part of the national monitoring and assessment system development programs of Slovenia (e.g., Remec Rekar, 2009; Urbanič et al., 2013) .
We sampled benthic invertebrates using a proportional stratified sampling approach in the littoral zones (Urbanič et al., 2012) . Sampling was conducted once a year for each lake in different years: Bled and Bohinj were sampled in 2006, 2007, 2008 and 2010 ; Gajševci, Ledava, Šmartno, Pernica 1 and Pernica 2 were sampled in 2006 , 2007 and 2011 Klivnik and Mola in 2007 and 2012 , Slivnica in 2007 , 2012 Družmirje in 2011 , Velenje in 2009 and 2011 and Vogršček in 2006 , 2007 and 2012 . Selection of sampling sites in natural lakes was determined according to the proportion of hydromorphologically changed shoreline, which is expressed in classes of LMI, whereas in artificial lakes the determination was based on lakeshore characteristics. Each sampling site covered an area of 10 m lakeshore length and toward the open Size -lake surface area, Catc -catchment area, Mean_dp -mean depth, t_ret -retention time, TP -minimum and maximum value of mean annual range total phosphorous concentration, I-AG -percentage of intensive agricultural land use in the catchment, NAT -percentage of natural areas in the catchment, No. Sam. 1 -number of samples included in survey and No. Sam. 2 pooled samples as lake-year.
water to 1 m depth or until a distance of 10 m was reached. To define depth strata, we divided the sampling sites into four water-depth classes: <0.25 m depth, 0.26-0.50 m, 0.51-0.75 m and >0.75 m depth. We defined the substrate categories according to the AQEM consortium (2002) with modifications for defining substrate types/strata following Urbanič (2014a). Substrate microhabitat types were defined as a combination of depth class and substrate category, scaled proportionately to their coverage at the sampling sites.
At each sampling site, we sampled benthic invertebrates in microhabitat types that covered at least 10% of the area. Each invertebrate sample was collected using a 500 mm mesh-size hand net and consisted of ten sampling units of an area of 0.625 m 2 . We preserved samples in the field using 4% formaldehyde solution. We identified all benthic invertebrates to the lowest possible taxonomic level (usually to species or genus except for Chironomidae and Tubificidae, which were identified to family or sub-family) and determined abundances by counting all organisms from the sample. We subsequently stored all invertebrates in 70% ethanol.
Environmental variables
Composite samples were taken four times a year to measure eutrophication parameters (total phosphorus concentration, Secchi depth, orthophosphate concentration, nitrate concentration, ammonium concentration, total nitrogen concentration and chlorophyll a) and mean annual values were calculated prior to analysis. At the time of invertebrate sampling, we also simultaneously measured physico-chemical parameters such as water temperature, conductivity, pH, dissolved oxygen concentration and dissolved oxygen saturation. All analysis and measurements of physico-chemical parameters followed protocols in the Official Gazette of the Republic of Slovenia, which conform to international standards (e.g., ISO) (OGRS, 2009). For each sampling site, we calculated the Lakeshore modification index (LMI) (Peterlin and Urbanič, 2013) and percentage of substrate category coverage. We created four new variables combining substrate categories. To generate a lithal variable, we summed up coverage percentages of megalithal, macrolithal, mesolithal and microlithal. To generate a fine substrate variable we summed coverage percentages of akal, psammopelal, pelal and psammal substrate. To generate a phytal variable, we summed coverage percentages of macrophytes, macroalgae and filamentous bacteria. Fine particulate matter, coarse particulate matter and debris were combined to generate a particulate organic matter variable. We also determined the percentage of land use types in the lakes' catchments. Variables describing land use in catchments were calculated with GIS tools, using the Corine Land Cover classification (CLC, 2006) . We distinguished six categories of land use: natural areas (CLC categories 3.4 and 5), urban areas (CLC class 1), areas with extensive agriculture (CLC categories 2.3.1 and 2.4.3), areas with intensive agricultural practice (CLC categories 2.1, 2.2 and 2.4.2), arable land (CLC categories 2.1.1 and 2.4.2) and land use defined as plantations (CLC categories 2.2.1 and 2.2.2). The Fisheries Research Institute of Slovenia provided the information on stocked fish species and their biomass for each lake-year. We then calculated the number of stocked fish species and biomass of stocked fish species feeding types. For fish species feeding types we used information from Dußling et al. (2004) . Altogether we extracted a set of 38 environmental variables, which have previously been shown to shape benthic invertebrates assemblages. Based on the range of multiple stressors affecting lakes worldwide (Stendera et al., 2012) , we divided the variables into five groups: landscape characteristics, land use, hydromorphological alteration, eutrophication and fish stocking (Tab. 2). We selected landscape characteristic variables as parameters unaffected by humans (e.g., altitude and lake size) and other variables as parameters affected by humans (stressors). In an individual stressor group, we included variables of different spatial scales. In order to elucidate contribution of pseudo replication of lake-level and catchment-level variables, we split our data in two sub-sets. One subset represented hydromorphological alteration variables for single sampling sites (122 samples) and abundances of benthic invertebrates at these sites. In the second subset, we pooled data of lake-and catchment-level variables to lake-year units. Together we had 32 samples for single lake-level or catchment-level variables, including averaged abundances of benthic invertebrates. We calculated separate Spearman correlation coefficients within each group of environmental variables (Tab. 2) in order to identify and exclude strongly correlated variables (Rs > 0.75). Correlation coefficients (Appendix 1) were calculated using the software package R version 3.2.1 (R Development Core Team, 2011). Statistical analysis revealed strong correlations among variables within each group. Lake mean depth and both maximum depth (Rs = 0.95; p < 0.001) and lake volume (Rs = 0.81; p < 0.001) strongly correlated. After exclusion of lake volume and maximum depth, five variables were included in the landscape characteristic group. Within the group of variables reflecting eutrophication, strong correlations were found for total phosphorus and both Secchi depth (Rs = À0.86; p < 0.001) and chlorophyll a (Rs = 0.85; p < 0.001). Secchi depth and chlorophyll a respond to nutrient concentrations and were thus excluded. Five variables of water phosphorous and nitrogen compounds comprised the eutrophication group. Among land use variables, strong correlations were found between intensive agriculture and arable land (Rs = 0.99; p < 0.001) and a strong negative correlation was found between intensive agricultural and natural land use (Rs = À0.91; p < 0.001). Thus, four variables remained in the land use group. Within the group of hydromorphological alteration variables, the strongest correlation was between LMI and Shoreline alteration (Rs = 0.77; p < 0.001). After exclusion of Shoreline alteration, the hydromorphological alteration group consisted of ten variables -six describing substrate and four LMI values calculated for different lakeshore zones. There was one strong correlation among variables representing fish stocking: omnivorous fish and biomass of stocked fish (Rs = 0.82; p < 0.001). In the fish stocking group, we included five variables: four representing fish feeding groups and one representing number of stocked fish species.
Statistical analysis
We conducted five environmental group-specific partial canonical correspondence analyses (pCCA) to determine the relationship of littoral benthic assemblages (dependent variables) to environmental factors (independent variables) with removed spatial and/or temporal effects (covariables). When the effects of covariables are omitted from the pCCA, we are able to explain taxa variability and show important patterns of variation in the benthic invertebrate assemblage composition on account of the selected variables. To consider spatial and temporal dependence structure, latitude and longitude of the sampling sites in the Slovenian national grid and sampling year, respectively, were used as covariables (Zuur et al., 2010) . All samples were collected in the summer season, and thus season was not considered. We used lake-year data to conduct four pCCA separately using the following groups of environmental variables: landscape characteristics, fish stocking, eutrophication and land use, and sampling year as a covariable. A subset with 122 benthic invertebrate samples was used in a pCCA with hydromorphological alteration variables and coordinates, with sampling year as the covariable. Prior to analyses, we selected appropriate transformation for each environmental variable to correct for heteroscedasticity in the data, whereas biological data were log (x þ 1) transformed (Tab. 2). In order to give emphasis to more commonly distributed species, we downweighted rare species. In the pCCA, we used variables that individually significantly (p < 0.1) explained a portion of the benthic invertebrate variance after fitting covariables. Thus, the number of environmental variables was additionally reduced prior to the pCCA environmental gradient determination. The significance of environmental variables used for littoral benthic invertebrate assemblages was defined with a Monte Carlo permutation test (999 permutations). For each selected variable, the individual contribution to the explained variance of the benthic invertebrate assemblages (l 1 ) and the environmental group-specific relative portion of considered variables defined as Rs = l 1 /l 1max were calculated. Because we used CANOCO 5 for the pCCA, both environmental groupspecific non-adjusted explained variances and adjusted explained variances of benthic invertebrate assemblages also were calculated (Ter Braak and Šmilauer, 2012) . In order to compare taxa environmental gradient preferences, first and second pCCA axes (environmental group specific species scores) were used (Appendix 2). Species scores were normalized to a common scale of 0 to 1, where 0 indicates the most degraded/ lowest and 1 the pristine/highest value. Prior to normalization, direction of environmental gradient increasing was defined (Fig. 4) . Normalisation was done according to equation (1):
where SC_CCA e-i is the environmental group specific species score (biplot scaling) of the ith taxon and SC_CCA e-REF is the pristine/highest value of the environmental group specific species score and SC_CCA e-LA is the most degraded/lowest value of the environmental group specific species score. In calculation of highest and lowest environmental group specific species score, extremes and outliers were not considered. In order to determine the relationship between recognized environmental gradients and littoral benthic assemblage structure in more detail, we determined taxa tolerance values that are frequently used in bioassessment (e.g., Zelinka and Marvan, 1961; Urbanič, 2014b) . We determined tolerance values using the pCCA ordination axis species tolerance (root mean squared deviation for species) according to 
Results
Benthic invertebrate assemblages
A total of 136,358 individuals, representing 253 taxa (Appendix 2) were recorded at the 114 sampling sites and 32 lake-years (Fig. 2) . Diptera was the most abundant group (48,504), followed by Oligochaeta (33, 272) and Heteroptera (16, 924) (Fig. 2) . The most diverse group was Coleoptera (37), followed by Diptera and Trichoptera (both 36) (Fig. 2) . More than 15 taxa were recorded in each of the following four groups: Oligochaeta (27), Odonata (28), Gastropoda (19) and Ephemeroptera (18). Other groups were less diverse. Differences in diversity also reflected the varied taxonomic resolution of the groups.
Effects of environmental gradients
Gradient analyses were run separately for each variable group with four (land use group) to nine variables (hydromorphological alteration group) (Tab. 4). The first axis individually and all canonical axis together were statistically significant (p < 0.05) in each environmental variable group (Tab. 5). In the land use group, the highest proportion of variation in the benthic invertebrates was explained by intensive agriculture (17.5%). Other variables of the land use group showed moderate (relative l 1 = 0.5-0.75) or relatively weak (relative l 1 < 0.5) explanatory power. In the landscape characteristic group, mean depth explained the highest proportion (16.2%). Additionally, lake size and altitude showed relatively high (relative l 1 > 0.75) explanatory power, whereas retention time and catchment size were approximately half as explanatory as mean depth. Total phosphorus (15.4%) was the best explanatory variable in the eutrophication group. Other variables of that group were moderately explanatory (relative l 1 = 0.5-0.75). In the fish stocking group, the highest variance of the benthic invertebrates was explained by omnivorous fish (10.3%). In the hydromorphological alteration group, the variable littoral zone contributed significantly less to explaining variance (2.5%), likely because of the higher number of samples, which resulted in higher total inertia (1.995) compared with other environmental groups (1.636). Also, two variables of the hydromorphological alteration group (LMI and lithal) showed relatively high (relative l 1 > 0.75) explanation power, whereas all other variables were moderately explanatory.
The partial variation in the benthic macroinvertebrate taxa (253) data was 1.995 using the 122 samples (hydromorphological alteration group) and 1.636 including the 32 lake-years (for all other environmental groups) (Tab. 5). Comparable amounts (29-38%) of the total variation in littoral benthic assemblages were explained individually by land use, landscape characteristics, eutrophication and fish stocking variables, whereas hydromorphological alteration variables explained substantially less (14%) (Fig. 3) . Adjusted values of the explained variance revealed bigger differences among variable groups and provided the following ranking scheme: land use (29%) > landscape characteristics (24%) > eutrophication (17%) > fish stocking (15%) > hydromorphological alteration (6%).
Landscape characteristics gradients
Examination of the landscape pCCA ordination diagram indicated two gradients (Fig. 4a) . The first landscape gradient represented lake morphometry and explained a majority of the variance in the taxa-environment relationship (53%). Along the first pCCA axis shallow, small and mostly lowland lakes on the right hand side are separated from the deep, mid-sized and mid-altitude lakes on the left-hand side. Nevertheless, a gradual taxa turnover is found along the lake morphometry gradient. Lake catchment size is reflected by the second pCCA axis (23% of variance explained), and thus separating lakes along the catchment dimension gradient. Lakes with a big catchment area were found in the lower part, whereas lakes with a small catchment area were distributed in the upper part of the ordination plot. Along the second axis, most taxa were distributed in the central part of the ordination plot, showing weak effects of catchment size on specific littoral benthic invertebrate taxa.
Land use gradients
Two gradients were determined after inspection of the land use pCCA ordination diagram (Fig. 4b) . Intensive agriculture was reflected by the first axis, which explained half of the variance in taxa (50%). Along the first pCCA axis, lakes with a high share of intensive agricultural land use and a high share of plantations in lake catchments on the left-hand side are separated from a few lakes with less agricultural land use on right-hand side. Separation of taxa into two groups along the first gradient implies profound effects of agriculture. The second axis indicates a gradient of urbanization (26% of variance explained). Lakes with a big share of urbanization land use are found in the upper part along second axis, whereas lakes with a small share of urbanization land use are distributed in the middle of the ordination plot. Along the second axis, taxa are mostly distributed in the central part of the ordination plot with few in the upper part, indicating a specific effect of urbanization on specific littoral benthic invertebrate taxa.
Eutrophication gradients
Eutrophication pCCA ordination diagram reflected two gradients (Fig. 4c) . The first gradient represented nutrients and explained the majority of variance in the taxa-environment relation (51%). Along the first pCCA axis, lakes were evenly distributed. On the other side, taxa were clearly separated in two groups along first gradient, which implies the high effect of nutrients on littoral benthic invertebrates. Ammonium gradient was determined along the second axis of pCCA ordination diagram (20% of variance explained). Lakes are evenly distributed along the ammonium gradient. Taxa were mostly distributed in the central part of the diagram along the second axis, indicating a weak relation to ammonium.
Fish stocking gradient
Only one gradient was determined from the fish stocking pCCA (Fig. 4d) . The gradient along the first axis represents biomass of omnivorous fish, explaining 39% of variance of benthic invertebrates. A majority of lakes and taxa were distributed in the central part along the omnivorous fish gradient. The centralized position of taxa implies that the omnivorous gradient fish had a weak effect on the littoral benthic invertebrates.
Hydromorphological alteration gradients
The hydromorphological alteration pCCA revealed two gradients (Fig. 4e) . Along the first axis, littoral alteration gradient explained 27% of variance of littoral benthic invertebrates. Samples are concentrated on the right-hand side of the diagram, which represents highly hydromorphologically altered sites. On the left-hand side, where hydromorphological alteration is absent, we only have one site. Comparable variance was explained along the second axis (17%), and reflected a substratum gradient along which sites and taxa were evenly distributed.
Taxa along environmental gradients
A partial CCA for separately tested groups of environmental variables suggested that there were two landscape gradients: one combination of landscape and stressor gradient, and six evident stressor gradients explaining the variance of littoral benthic invertebrates. Distribution of Variables that are not significant are italicized. Year -sampling year, coordinates -geographical coordinates, p-value -significance of first axis and p*-value -significance for all axis.
benthic invertebrate taxa significantly differed in more than half of the gradients (Friedman test, x 2 (8) = 196.929; p < 0.0001, Fig. 5 ). Pairwise analysis revealed significant differences in species scores between combinations of gradients (Z = À1.508 to 3.223; p < 0.037 to <0.0001), which resulted in five established groups of gradients (Appendix 3; Fig. 5 ). The first group consisted of three gradients -lake morphometry, catchment size and urbanization. The second group was represented by urbanization and ammonium. The third group included ammonium, nutrients, intensive agriculture and littoral alteration. The fourth group included nutrients, intensive agriculture, littoral alteration and substratum. The distribution along gradient of omnivorous fish was unique and alone represented the fifth group. Besides observed differences in distribution of taxa, there was also a significant difference in sensitivity of taxa to landscape characteristics and stressors (Friedman test, x 2 (8) = 292.686; p < 0.0001) (Appendix 3; Fig. 6 ). Significant differences occurred in few gradients pairs (Z = 0.789-1.603; p = 0.043 to <0.0001) and resulted in four established groups of gradients (Appendix 3; Fig. 6 ). Higher sensitivity of taxa was detected in the first group, which consisted of lake morphometry, intensive agriculture, nutrients, omnivorous fish and urbanization. Intensive agriculture, nutrients, omnivorous fish, urbanization and catchment size formed a second group. The third group included nutrients, omnivorous fish, urbanization, catchment size, ammonium and littoral alteration. The fourth group was represented by ammonium, littoral alteration and substratum, and was characterized by taxa with higher tolerance values.
Discussion
This study has potential to support progress in indicator development, which at the moment is imperative for effective lake management. Identifying widely applicable bioindicators in multiple stressor environments will have a profound impact on management performances not only through separately assessing stressors' effects, but also through lowering the costs by defining hierarchy of actions, which prevent decline in ecological quality of lakes. 
Teasing apart drivers of littoral benthic assemblages
Our sampling sites exhibit a wide range of chemical and physical factors, reflecting differences in landscape characteristics and anthropogenic disturbances among lakes and sampling sites. Environmental variables occur at different spatial scales -catchment zone (land use variables), catchment-within lake zone (landscape characteristics variables), within lake zone (eutrophication and fish stocking variables), riparian zone (hydromorphological alterations variables) and site zone (substrate variables). Comparison of stressors with lake-years units revealed that land use (29%) and landscape characteristics (24%) explained more variation in littoral benthic assemblage structure than eutrophication (17%) and fish stocking (15%). The pCCA results indicated a dominance of catchment scale variables over lower spatial scale variables, which corroborate the hypothesis of a hierarchical complexity of environmental factors (Poff, 1997) . Johnson and Goedkoop (2002) also found this and argued that catchment variables define the upper limits for local factors representing closely cascading effects of environmental variables. Although in our case, we cannot directly compare explained variation of two different subsets (e.g., hydromorphological alteration vs eutrophication). Our results seemingly support the conclusion of Urbanič (2014b), indicating the possible dominance of eutrophication when assessing hydromorphological alterations of different lake types. In contrast to our findings, many researchers reported that local (morphological/habitat) variables dominate over within-lake variables (eutrophication) in shaping littoral benthic assemblages (Tolonen et al., 2001; McGoff and Sandin, 2012; Pilotto et al., 2015) . The reason for discrepancy might be that in the mentioned studies temporal and spatial variability were not taken into consideration. Based on our results, it is evident that the factors at catchment and lake scale may be crucial for local littoral benthic invertebrate assemblage distribution. The latter also emphasizes the importance of using a hierarchical approach in management of lakes, especially when dealing with the effects of cooccurring environmental factors. Further, when assessing the effects of environmental factors, a prioritization of such factors at larger spatial scales is needed. However, since the distribution of littoral invertebrates is governed by the interplay of habitat structure, nutrient quantity and landscape characteristics, one should acknowledge factors on numerous spatial scales.
Comparison of littoral benthic invertebrates' responses with multiple environmental gradients simplifies mechanisms explaining relationships between different environmental factors and littoral benthic assemblage. As the structure of assemblages is a reflection of the on-site conditions and the influences of the catchment conditions, which are expressed directly and indirectly, responses along some gradients are not independent. According to previous studies (Brodersen et al., 1998; Stefanidis and Papastergiadou, 2012; Mehner et al., 2007) , the morphology of lakes is one of the most important factors controlling the trophic status, physico-chemistry, productivity and distribution of aquatic organisms. This was supported in our study, where littoral benthic invertebrates tended to be gradually distributed along a lake morphometry gradient. Lake mean depth explained the highest variance of littoral benthic assemblages, which supports previous findings of mean depth as a key predictor for benthic invertebrates (Brodersen et al., 1998) . A possible explanation lies in differences of nutrient mixing, thermal stratification and usually vegetation cover (Wetzel, 2001 ), all of which are linked to food availability and habitat quality. The same explicit interpretation cannot be made for the catchment size gradient. We did not find any study revealing the direct impact of catchment size on littoral benthic assemblages. However, the influence of the catchment size effects should be greater when the catchment is larger and impaired. Hence, many researchers focus rather on the effects of land use in catchment on assemblages. Generally, land use depends on suitability of the area for urban and agricultural development (Petek, 2004) . Thus, coinciding responses along urbanization gradient and gradients within landscape characteristics variables were expected. Urbanization and intensive agriculture seems to be related to ammonium as the commonest sources of ammonium are sewage effluents and effluents associated with industries producing coals, gas, coke and fertilizers (Hall et al., 1999; Wang et al., 2006) . Usually the effect of ammonium is interpreted through the depletion of oxygen (Rosenberg and Schleifer, 2006) or a toxic effect (Camargo et al., 2005) , which influences littoral benthic assemblage structure (Verdonschot and Verdonschot, 2014) . Pattern of responses along intensive agriculture, nutrients, littoral alteration and substratum gradient, where no differences were recognized, could be interpreted through a few mechanisms. Effects of intensive agriculture on littoral benthic assemblages are indirect, such as habitat destruction and nutrient loading, which leads to eutrophication processes (e.g., Fraterrigo and Downing, 2008; Kovalenko et al., 2010) . Consequently, the responses of littoral benthic invertebrates to nutrients are partially integrated in responses to agricultural land use. Furthermore, nutrient enrichment promotes the changes in habitat structure (Donohue et al., 2009a) . More specifically, this indicates that nutrients are surrogates for increased allochthonous material (litter fall), which affect substratum composition. Substratum is also strongly related to hydromorphological changes (McGoff et al., 2013; Peterlin and Urbanič, 2013; Urbanič, 2014b) , more precisely to littoral alteration, which causes direct impacts on littoral benthic assemblages (Johnson and Goedkoop, 2002; Porst et al., 2016) .
Benthic invertebrates' responses along an omnivorous fish gradient, which show distinction among gradients, are not so evident. Independent responses of littoral benthic invertebrates along an omnivorous fish gradient should serve as a reminder for taking a holistic approach, especially while assessing the impact of stressors, and highlight underestimation of some stressors' effects. We assume that the differences in responses along the omnivorous fish gradient reflect the ubiquitousness of the fish stocking stressor, which is independent from natural lake characteristics and other alterations. Although several researchers focused on the impact of biomanipulation in lakes (e.g., Eby et al., 2006) , our knowledge on the effects of fish stocking on littoral benthic assemblages in different types of lakes is scarce. Presence of fish can influence littoral benthic invertebrates in several ways, including biological interactions, nutrient dynamics, sedimentation, and oxygen dynamics (Brönmark and Hansson, 2005; Bernes et al., 2013) . Despite the short length of our fish stocking gradient (0-1000 kg/ha) compared with other studies, importance of fish stocking was supported by our findings (e.g., Berg et al., 1997; Nasmith et al., 2010) . Nonetheless, the second unrecognisable gradient may point out the unavailability of detailed predictors data like fish population density of each lake.
Some processes still make separation of littoral benthic assemblages' responses among gradients difficult. However, five groups of gradients represented responsiveness along three categories of gradients: from natural through mixture of natural and stressors over to stressor gradients. Despite the fact that correlations among stressors might be present, independent responsiveness provides good evidence about applicability of littoral benthic invertebrates as a bioindicator tool. As a bioindicator, they can help identify stressors reflecting urbanization (masking the effect of ammonium), stocking of omnivorous fish and eutrophication, which might be caused by intensive agriculture or littoral alteration which affects the regrowth of primary producers (e.g., macrophytes) and contributes to primary production. Taxa also showed different responses to littoral alteration and substratum gradients, independent from activities in catchment, implying that morphological changes might be identified separately. Taken together, littoral benthic invertebrates show potential in disentangling multiple stressors, which would likely solve one of the key issues in freshwater management.
Bioindication
Benthic invertebrates have a long history of use in bioassessment due to their sensitivity to different environmental changes (Furse et al., 2006) . Based on three tolerance groups of taxa, our analysis revealed preeminence of specialists on generalists along six gradients. Specialists are the most useful environmental indicator species, due to the preference for certain relatively narrow environmental conditions (Soininen, 2007) . Hence, our results imply that benthic invertebrates could be good indicators for gradients along natural characteristics of lakes, intensive agriculture, omnivorous fish, urbanization and nutrient concentrations. The tolerance structure of benthic invertebrate taxa along substratum gradient exhibited a surprisingly bigger share of generalists, which is contrary to many studies, which show relatedness of invertebrates to substratum type (e.g., Pilotto et al., 2015) . One possible reason for divergence in conclusions may be different sampling technique. While we used a proportional stratified sampling approach, others used habitat specific sampling. Moreover, the dominance of generalists was found also along ammonium, littoral alteration and substratum gradients, consistently supporting the assumption about dominance of large scale stressor effects over small scale stressor effects (Urbanič, 2014b). However, one has to consider that lentic invertebrates have developed a wide array of adaptations in order to cope with changes in environment, resulting in significant tolerance values (Sharitz and Batzer, 1999) . Due to the long term of anthropogenic alteration, shifts have happened in assemblage composition, resulting in species adapted to low stressor (e.g., nutrient) environments being replaced by stress tolerant species.
Sensitivity of taxa to varying stressors serves as the basis for index development for use in assessing quality of lakes. Considering one to three taxon characteristics (indicative value, indicative weight based on tolerance values and abundance), robust indices might be developed (Saprobien index, Zelinka and Marvan, 1961; Urbanič, 2014a) . According to our results, a bigger share of specialists than generalists along the majority of gradients should encourage the use of littoral benthic invertebrates in lake bioassessment.
Conclusions
In order to enhance lake status while dealing with multiple stressors, managers strive to use bioindicators that can respond to various stressors and identify the hierarchical structure of environmental factors. We recognized that the order of natural and anthropogenic factors indicates that catchment-scale factors should take precedence over local scale factors when anthropogenic interventions are necessary to improve ecological conditions of lakes. Differences in responses along nine environmental gradients indicate that littoral benthic invertebrates can be used to independently assess the impact of varied stressors (hydromorphological alterations, fish stocking, eutrophication and urbanization), and thus fulfill the requirements for the effective stressor-specific biotic indices. Occurrence of relatively high numbers of sensitive taxa along gradients implies that the key stressors can be assessed using a taxonomical composition of littoral benthic invertebrates. There is no similar study, to our knowledge, based on a diverse data set from lowland lakes to alpine lakes, which simultaneously considers spatial and temporal variability. Hence, our findings have practical implications for ecological assessment and effective management of lakes, as they indicate that benthic invertebrates can be used when the effects of multiple stressors need to be disentangled. We advocate development of varied littoral benthic invertebrate based stressor-specific indices in order to maximize cost-effectiveness of lake management.
Conflict of interest. The authors declare that they have no conflict of interest. 
References
Appendix 2
Benthic invertebrate taxa (with main taxonomic groups their number and occurrence at sampling sites) recorded at 114 sampling sites of lakes in Slovenia, used in analyses. 
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List of species scores (Ss) and tolerance values (Tv) along recognized gradients in each CCA model (Num 
